In the assembly of paramyxoviruses, interactions between viral proteins are presumed to be specific. The focus of this study is to elucidate the protein-protein interactions during the final stage of viral assembly that result in the incorporation of the viral envelope proteins into virions. To this end, we examined the specificity of HN incorporation into progeny virions by transiently transfecting HN cDNA genes into Sendai virus (SV)-infected cells. SV HN expressed from cDNA was efficiently incorporated into progeny Sendai virions, whereas Newcastle disease virus (NDV) HN was not. This observation supports the theory of a selective mechanism for HN incorporation. To identify the region on HN responsible for the selective incorporation, we constructed chimeric SV and NDV HN cDNAs and evaluated the incorporation of expressed proteins into progeny virions. Chimera HN that contained the SV cytoplasmic domain fused to the transmembrane and external domains of the NDV HN was incorporated to SV particles, indicating that amino acids in the cytoplasmic domain are responsible for the observed specificity. Additional experiments using the chimeric HNs showed that 14 N-terminal amino acids are sufficient for the specificity. Further analysis identified five consecutive amino acids (residues 10 to 14) that were required for the specific incorporation of HN into SV. These residues are conserved among all strains of SV as well as those of its counterpart, human parainfluenza virus type 1. These results suggest that this region near the N terminus of HN interacts with another viral protein(s) to lead to the specific incorporation of HN into progeny virions.
Envelope viruses are released from infected cells by budding at the cellular membrane. During the budding process, viral proteins are preferentially incorporated into progeny virions whereas cellular proteins are largely excluded. The proteinprotein interaction during the stage of viral particle formation is not well understood. In particular, the molecular mechanisms that drive budding and guide the inclusion of spike proteins into the mature virus particle largely remain unresolved. The specificities of incorporation of envelope glycoproteins into virions appear to differ among RNA viruses. For example, foreign glycoproteins (e.g., the hemagglutinin [HA] and neuraminidase [NA] of influenza virus, the measles virus H protein, and the cellular glycoprotein CD4) are efficiently incorporated into virions of vesicular stomatitis virus, showing that incorporation of glycoprotein into progeny virion is not highly selective (20, 39) . With influenza virus, HA molecules containing a foreign cytoplasmic tail and transmembrane domain failed to be incorporated into progeny virions (28) . In contrast, a tailless HA molecule was efficiently incorporated into influenza virions, showing that the HA cytoplasmic tail is not required for HA incorporation into virions, although the possession of a cytoplasmic tail confers a growth advantage (17) . Mitnaul et al. (26) reported that deleting the cytoplasmic tail of the NA molecule of influenza virus severely reduced NA incorporation into virions, although the cytoplasmic tail was not absolutely essential for virus replication. Regarding alphavirus, extensive molecular genetic and structural studies supported the theory of a direct, sequence-specific interaction between the cytoplasmic tail of envelope glycoprotein E2 and the nucleocapsid and the theory that this interaction directs virus budding (7, 41) .
Sendai virus (SV), a prototype paramyxovirus, encodes at least six structural proteins: the two viral membrane glycoproteins HN and F, which are responsible for virus attachment, penetration, and release; three nucleocapsid proteins, NP, P, and L, which cover the genomic RNA and together are responsible for RNA transcription and replication; and one nonglycosylated internal membrane protein, M, which likely mediates packaging of the nucleocapsid into the viral envelope during virion assembly. The membrane glycoproteins are anchored in the viral envelope or the plasma membrane of an infected cell by a short hydrophobic transmembrane domain, with most of the protein (the external domain) extending extracellularly and a small tail region (the cytoplasmic domain) protruding from the inner surface of the membrane. The predicted SV HN protein includes a 35-residue cytoplasmic tail, a 25-residue transmembrane domain, and a large, 515-residue external domain, which contains five potential sites for addition of N-linked carbohydrate side chains (13) . SV HN is highly homologous to other paramyxoviruses (e.g., 72% to human parainfluenza virus type 1 [hPIV1] and 62% to hPIV3) and moderately homologous to rubulaviruses (e.g., 35% to Newcastle disease virus [NDV] and 30% to simian virus 5) (13, 27) . Synthesis of the viral glycoproteins (HN and F) occurs at the endoplasmic reticulum, where both proteins are cotranslationally inserted into membranes either as type I (F) or type II (HN) transmembrane proteins. After synthesis, each protein is transported via the exocytic pathway to the plasma membrane, where virus assembly occurs.
Paramyxovirus assembly can be viewed as a three-part process. First the NP subunits associate with the genomic RNA to form the helical nucleocapsid structure, and then the P and L proteins are added (34) . Next the membrane proteins (HN, F, and M) accumulate at the plasma membrane. In the final assembly step, the nucleocapsid is enveloped during the budding process and progeny virus is produced. During budding at the plasma membrane, viral structural proteins are selectively incorporated into the nascent virion. It is generally thought that viral M protein plays a major role in assembly by forming a bridge between the assembled nucleocapsid core and the cytoplasmic domains of either HN or F or both (31) . The M protein of SV may be cross-linked to the NP protein in fresh virions, suggesting that the M protein is complexed with the major nucleocapsid protein, NP (23) . SV M protein was also reported to bind independently to either HN or F protein in vivo (37) , although the results have not been confirmed (43) . At present, the protein-protein interaction that regulates the incorporation of paramyxovirus glycoprotein into virions and the detailed sequence specificity involved are not known.
To understand the protein interactions in viral assembly, we used SV, NDV, and hPIV1 HNs to examine the sequences of HNs that were required for specific incorporation into progeny virions. In this report, we provide evidence that HN incorporation into SV is sequence specific in 14 N-terminal amino acids of the cytoplasmic domain of the HN molecule and that 5 consecutive amino acids conserved among SV and hPIV1 are required for the specificity.
the plate and washed with PBS. Cells were suspended in 1 ml of PBS containing 10% FCS (PBS-FCS) and 2 l of MAb. After incubation at room temperature for 30 min, cells were washed with PBS and suspended in 1 ml of PBS-FCS containing 1 l of fluorescein isothiocyanate-conjugated anti-mouse immunoglobulin G (IgG; Boehringer Mannheim). After a 30-min incubation, cells were washed and fixed with 4% formalin (in PBS). Cell sorting was performed with a FACScan (Becton Dickinson) instrument.
HN protein oligomer formation. Oligomer formation of SV, NDV, and chimeric HNs was determined by sucrose density gradient centrifugation as described previously (14) . 293T cells transfected with pCAGGS containing the HN gene were labeled with 100 Ci of [
35 S]Trans-Label for 30 min and chased for 2 h. Cells were then solubilized in lysis buffer (1% Triton X-100, 50 mM Tris [pH 7.4], 100 mM NaCl). Postnuclear supernatants were laid over 10 ml of 5 to 25% (wt/vol) sucrose in 0.1% Triton X-100-50 mM Tris (pH 7.4)-100 mM NaCl. Gradients were centrifuged at 37,500 rpm at 20°C for 16 h in a SW41 rotor (Beckman). Twenty-seven fractions were collected, from which HN was immunoprecipitated. The polypeptides were analyzed on nonreducing 7.5% polyacrylamide gels.
NA activity and cell surface ELISA. The NA activity of the chimeric HNs expressed at the cell surface was measured as reported previously (5) . In brief, 24 h after transfection with cDNA, cells were washed with PBS and incubated with 0.2 M phosphate buffer (pH 5.9) containing N-acetylneuramin lactose for 2 h at 37°C. The supernatant was harvested, and the sialic acid in the buffer was measured. The same cells were used for measuring the amount of HN at the cell surface by cell surface enzyme-linked immunosorbent assay (ELISA) (5) . Washed cells were reacted with an appropriate MAb, followed by incubation with horseradish peroxidase-conjugated sheep anti-mouse IgG (Bio-Rad) in PBS-BSA. The cells were then reacted with substrate, and the optical density was measured with a spectrophotometer at a wavelength of 405 nm.
Phosphorylation of HN proteins. 293T cells were transfected with the HNcontaining pCAGGS constructs as described above and incubated overnight at 34°C. Cellular proteins were labeled at 34°C with either 50 Ci of [
35 S]TransLabel in 1 ml of labeling medium or 100 Ci of [ 32 P]orthophosphate (ICN) in 1 ml of phosphate-deficient medium (ICN). After a 4-h labeling period, cells were washed and then lysed by using cell lysis buffer (5) . Labeled HN proteins in the lysates were immunoprecipitated with the appropriate MAb and analyzed by SDS-PAGE.
RESULTS

Specificity of HN incorporation into SV.
As a first step to characterize the specificity of HN incorporation into SV particles, we determined whether HN that was expressed from transfected cDNA could be incorporated into progeny virions. We infected 293T cells with the SV MAb escape mutant SVescS2 and transfected these cells with plasmids containing wild-type (wt) SV or NDV HN cDNA (pCAGGS-SVHN and pCAGGS-NDVHN, respectively). Labeled virions in the culture supernatant were immunoprecipitated by using MAb S2, which is specific for wt SV HN (32a), or N1, which is specific for NDV HN. Immunoprecipitations were done in the absence of detergent so that whole-virus particles containing the HN molecule expressed from cDNA could be precipitated. SVescS2 is the escape mutant of MAb S2; therefore, the HN of this virus does not react with either S2 or N1 (Fig. 1A) . From the cell culture supernatant infected with SVescS2 and transfected with pCAGGS-SVHN, virus particles were immunoprecipitated by MAb S2, which showed that HN expressed from cDNA was incorporated into progeny virions. In contrast, N1 failed to immunoprecipitate any virus from cells infected with SVescS2 and transfected with pCAGGS-NDVHN, indicating that HN incorporation into SV is specific.
Because NDV HN was not incorporated into SV virions, we determined the level of NDV HN expression at the cell surface by FACS analysis. As shown in Fig. 2 , NDV HN was expressed at the cell surface at a level sufficient to be detected. However, as shown in Fig. 1A , these NDV HN molecules were excluded from progeny SV virions, indicating the presence of a selective mechanism for incorporation of HN into SV.
Construction and characterization of chimeric HNs. To identify which sequence on HN is required for specific incorporation of HN into SV virions, we used SV, NDV, and hPIV1 HNs (Fig. 3A) to construct chimeric HN molecules (Fig. 3B) .
SV or hPIV1 HN contains a cytoplasmic domain 9 or 8 amino acids longer (35 or 34 amino acids, respectively) than NDV HN (26 amino acids) (Fig. 3A) . SV and hPIV1 HN are highly (72%) homologous (13) . However, the sequences of their cytoplasmic domains are much less similar (23% identity), although there are five consecutive amino acids (SYWST) that are conserved between the two HNs. The cytoplasmic domain of NDV HN shows no homology with that of SV or hPIV1. Chimera A HN contains only the cytoplasmic domain from SV and the transmembrane and external domains from NDV. Chimera B HN contains the 14 N-terminal amino acids from SV, and the rest of its sequence is from NDV. Chimera C contains the 14 N-terminal amino acids from NDV and amino acids 15 to 35 from SV, and the rest of its sequence (transmembrane and external domains) is from NDV. Chimera D has the same sequence as chimera A, except the 5 amino acids (SYWST) at amino acids 10 to 14 were replaced with those of the corresponding region of the NDV HN (MDRAV). Chimera E contains the cytoplasmic domain from hPIV1 HN, and the rest of its sequence is from NDV.
These chimeric HNs were characterized for their expression at the cell surface, biological activities, and oligomer formation. Cell surface expression was determined by FACS analysis. All of the chimeras as well as NDV HN were expressed at the cell surface (Fig. 2) . The levels of expression did not markedly differ among these proteins. To determine whether these chi- meric HNs were biologically active, we measured and compared their NA activities expressed at the cell surface as described previously (5). All chimeric HNs had NA activities that were equivalent to that of the intact NDV HN (Table 1) . This result was expected, because all of the chimeras contain the external domain of NDV HN, where NA activity is located. These results also show that the chimeric construction did not alter the antigenic or biologic activities of HN. SV HN forms disulfide-linked dimers that noncovalently form homotetramers. Because the specific incorporation of HN into virions is presumed to be based on protein-protein interaction, changing the oligomeric form of HN may affect its specific incorporation into virions. Therefore, we next determined the oligomer formation of the wt and chimeric HNs by using sucrose gradient centrifugation. Consistent with previous findings (5), about 50% of SV HN sedimented at the positions of tetramers (Fig. 4) (fractions 20 to 26 ) and the remainder sedimented at the positions of dimers (fractions 16 to 18). The cysteine residue at position 123, located in the predicted stalk region in the external domain, is responsible for disulfidelinked homodimer formation of NDV HN (40) . However, the HN protein of the NDV Kansas strain used in the present experiment has a tryptophan at position 123 and, therefore, does not form disulfide-linked dimers. However, as shown in Fig. 4 , the majority of the HN molecules form homotetramers (fractions 20 to 26). Chimera A HN, in which the cytoplasmic tail sequence is that of SV HN, formed homotetramers, as was seen with the analysis of the NDV HN, suggesting that other regions (transmembrane and/or external domains) are responsible for formation of the HN homotetramers. All other chimera HNs were also detected on fractions 20 to 26, which correspond to tetramer forms of HNs, and no significant difference in homooligomer formation was observed between the HNs.
Incorporation of chimera HNs into SV. The chimeric HNs that we constructed were biologically active (Table 1) tetramers (Fig. 4) and were expressed at the cell surface at levels similar to those of NDV and SV HNs (Fig. 2) . We therefore determined whether the various HN chimeras were incorporated into progeny Sendai virions to identify the sequence responsible for the specificity of HN incorporation. Chimera A, in which only the cytoplasmic domain is from SV, was incorporated into Sendai virions (Fig. 1B) , showing that the cytoplasmic domain is sufficient for the specific incorporation of HN into SV. Further, chimera B, which contains only the 14 N-terminal amino acids of SV, was incorporated into virions. In contrast, chimera C, which contains NDV sequences in its N-terminal region but SV sequences in the remainder of its cytoplasmic domain, was not incorporated into virions. These results indicate that the 14 N-terminal amino acids of the SV HN are sufficient for its specific incorporation into SV. Interestingly, chimera E, which contains the cytoplasmic domain of the hPIV1 HN, was also incorporated into SV (Fig. 1B) . Despite the low (23%) homology between cytoplasmic domains of the SV and hPIV1 HNs, 5 consecutive amino acids (SYWST), located within the 14 N-terminal amino acids, are conserved (Fig. 3A) . To determine whether these five amino acid residues were responsible for the incorporation of SV HN into virions, we examined the incorporation of chimeric HN D that replaces the five NDV amino acids in an otherwise SV cytoplasmic tail. Chimera D was not incorporated into virions (Fig. 1B) , suggesting that these five consecutive amino acids are required for the specific incorporation of HN into SV. Quantitative analysis of HN incorporation into virions showed that the fraction of cDNAderived HNs (wt SV HN and chimera A, B, and E HNs) incorporated into SV was about 1 to 3% of the HN expressed in cells (data not shown). In SV-infected cells, only 10 to 15% of the HN fraction was incorporated into virions. Therefore, in consideration of the transfection efficiency results shown in Fig. 2 , the uptake of 1 to 3% of the cDNA-derived HN into virion is right in line with SV infection results.
To determine whether HNs without the conserved sequences were completely excluded or were incorporated but to a limited extent, we performed Western blotting using a sensitive chemiluminescence method for protein detection. Culture supernatants of cells infected with SVescS2 and transfected with NDV or chimera HN cDNAs were collected, and the virions in the medium were purified by centrifugation through 50% glycerol. The HA titers in the culture supernatants were approximately the same among the cells infected with SV and transfected with or without various HN cDNAs (28 to 40 HAs). The amounts of cDNA-derived HN expressed at the cell surface were almost the same, except with chimera E, whose cDNA-derived HN was expressed at a level 1.5 to 2 times higher than those of the others (Fig. 5B) . The amounts of cDNA-derived HNs in purified SV were determined by Western blotting with anti-NDV HN MAb N7, which reacts with denatured NDV HN. In a 5-s exposure, HN bands were clearly detected from cells transfected with chimera A, B, and E HNs but not NDV, chimera C, or chimera D HNs. However, a 10-min exposure revealed the presence of small amount of HN incorporated into SV from the samples transfected with NDV, chimera C, and chimera D HNs (Fig. 5) . These results indicate that the HNs containing the five consecutive amino acids were incorporated into SV much more efficiently than those not containing the sequence.
Phosphorylation of the HN protein.
Of the five consecutive amino acids (SYWST) required for the specific incorporation of HN into progeny virions, four are potentially phosphorylatable. To establish whether phosphorylation of any of these amino acids might be related to the specific incorporation of HN into virions, we examined the in vivo phosphorylation of FIG. 4 . Sucrose gradient sedimentation analysis of oligomerization of chimera HN proteins. Cells transfected with HN-expressing vectors were labeled with [
35 S]Trans-Label (100 Ci/ml) for 30 min and chased for 2 h. Cell lysates were prepared and sedimented on 5 to 25% sucrose gradients. Twenty-seven fractions were harvested from the top of the gradients, and HN proteins in the fractions were immunoprecipitated with HN-specific MAbs and analyzed by using nonreducing polyacrylamide gels. The numeral above each lane corresponds to the fraction number. (HN) 2 , HN dimer; (HN) 4 , HN tetramer; Chim, chimera. (Fig. 6B) in parallel experiments and then the expressed HN was immunoprecipitated with a specific MAb and analyzed by SDS-PAGE. The wt SV and NDV HNs were phosphorylated, whereas hPIV1 HN was not. Among the chimeras, only chimera E (containing the cytoplasmic domain of hPIV1 and the transmembrane and external domains of NDV HN) was not phosphorylated. Together, these results show that residues in the NDV transmembrane and external domains were not phosphorylated. In addition, chimera A, which contains the cytoplasmic domain from SV but whose other regions are from NDV, was phosphorylated, indicating that the cytoplasmic domain of SV was phosphorylated. However, when considered in light of the nonphosphorylated status of chimera E, this finding suggests that none of the five consecutive amino acids (SYWST) was phosphorylated and that another residue(s) in the cytoplasmic domain led to the observed phosphorylation. The incorporation of chimera E into progeny virions indicates that phosphorylation of the cytoplasmic tail of HN is not required for its selective incorporation into SV.
DISCUSSION
In this report, we showed that a five-residue sequence (SY-WST) in the cytoplasmic domain of HN is required for this protein's incorporation into SV virions. These amino acids are conserved between the cytoplasmic tails of HNs from SV and hPIV1, which otherwise are poorly homologous. Conserved consecutive amino acids (TYTLE) also occur in the cytoplasmic tails of the F glycoproteins of these two viruses (Fig. 7A) , and other paramyxovirus glycoproteins display conserved amino acid motifs. For example, human and bovine PIV3 (hPIV3 and bPIV3, respectively) share a 5-residue sequence (PYVLT) in their F cytoplasmic tails and an 8-residue sequence (MEY-WKHTN) in their HN cytoplasmic domains. Further comparison of these motifs revealed that 2 amino acids (YW) are conserved between the HNs of SV, hPIV1, hPIV3, and bPIV3, as are 2 amino acids (YXL) in the F protein (Fig. 7A) . In addition, HN and F proteins derived from hPIV1 were incorporated into hPIV3 virions (45) . We propose that the conserved sequences in the cytoplasmic tail regions of HN and F from these closely related viruses reveal a common strategy underlying glycoprotein incorporation and virion assembly.
The putative importance of the cytoplasmic domain of paramyxovirus glycoproteins is further supported. The distal half of the H protein cytoplasmic domain contains a 4-residue (AFYK) motif that is conserved among all morbilliviruses sequenced to date (Fig. 7B) . Unlike the membrane-proximal portions, the C-terminal halves of the cytoplasmic domains of morbillivirus F proteins are almost completely homologous, suggesting the F protein's involvement in virion formation. Further, extensive sequence analysis of viruses isolated from people with subacute sclerosing panencephalitis, a lethal disorder of the central nervous system that is causally related to persistent measles virus infection, revealed truncations and mutations in the C-termi- (1, 35) , rinderpest virus (RP) (11, 47) , dolphin morbillivirus (DM) (GenBank accession no. Z36978, 4), phocine distemper virus (PD) (19) , and canine distemper virus (CD) (2, 8) are shown. Numbers above the sequence are those from the membrane. TM, transmembrane. Bold type indicates conserved amino acid residues. nal portion of the cytoplasmic domain of F. These changes may lead to the deficient virus formation observed in these cases (3, 6, 38) .
These conserved motifs are distant from the membrane, perhaps suggesting their interaction with nucleocapsids during virus assembly. The cytoplasmic domain of the E2 glycoprotein of alphaviruses binds directly to the nucleocapsid (7, 22) , and this interaction is required for virus budding (18, 30, 49) . Further, Tyr 400 and Leu 402 (Sindbis virus numbering) bind to a hydrophobic pocket on the surface of the nucleocapsid protein.
All of the motifs in paramyxovirus and morbillivirus glycoproteins that we have discussed contain a tyrosine residue. In particular, the paramyxovirus F glycoprotein contains the YXL motif identified in E2.
F may be essential for virus budding, but HN may enhance the efficiency of this process. At restrictive temperatures, a temperature-sensitive mutant of SV (SVts271) produces virions that lack HN (24, 32, 33, 42, 43, 48) . Therefore, the HNs of paramyxoviruses seem to be dispensable in virus budding and likely play an auxiliary role. For example, virus particle production of G-deficient rabies virus mutants increased by about 30-fold in the presence of G (25) . However, in paramyxovirus, levels of virion production by intact viruses and glycoproteindeficient mutants have not been quantitatively compared, so the definitive role of glycoproteins in the budding process has not yet been established.
Most SV structural proteins (P, NP, L, M, and HN) are phosphorylated (21) . Cellular protein kinase C is responsible for the phosphorylation of SV and hPIV3 P proteins and is packaged into progeny virions (9, 16) . In light of our results regarding the phosphorylation of the various wt and chimeric HNs, the HNs of NDV and SV are likely phosphorylated within the cytoplasmic domain. Chimera A, C, and D HNs were highly phosphorylated, while NDV and SV HNs were weakly phosphorylated. One possibility for the high phosphorylation of chimera A, C, and D HNs is that the combination of the SV cytoplasmic sequence adjacent to the NDV transmembrane region may enable additional amino acids to be phosphorylated. However, phosphorylation of HN cytoplasmic domain is apparently not required for the specific incorporation of HN into virions, since chimera E with its hPIV1 cytoplasmic domain was not phosphorylated and was incorporated into SV particles. The role of the phosphorylation of the HN cytoplasmic domain, therefore, remains unclear. It appears that the phosphorylation of SV or hPIV3 P proteins by protein kinase C is required for virus replication (9, 16) . However, phosphorylation of HN may not be required for virus replication; similarly, phosphorylation of the SV M protein also appears not to be essential for virus replication (36) .
